enhanced ALDH activity in the presence of GM-CSF in CD103 -cells. The induction of ALDH activity in BMDC was dependent on p38 and PI3K signaling. These data indicate a novel role for galectin-9 in modulating innate immunity by inducing ALDH activity in DC.
Galectin-9 Produced by Intestinal Epithelial Cells
Enhances Aldehyde Dehydrogenase Activity in Dendritic Cells in a PI3K-and p38-Dependent Manner Sander Dendritic cells (DC) play an essential role in the initiation of immune responses via antigen presentation to T cells. Upon antigen uptake, a specific intestinal DC subset characterized by the expression of CD103 and high activity of the vitamin A-converting enzyme, aldehyde dehydrogenase (ALDH), was found to be highly effective in the induction of Foxp3 + regulatory T cells (T reg ) [1] . Intestinal epithelial cells (IEC) drive the differentiation of CD103 + DC through the secretion of TSLP, retinoic acid, and TGF-β [2] . In particular, an IRF8-dependent CD103 +
CD11b
-migratory conventional DC (cDC) subset in the gut mucosa show the highest expression of Keywords Dendritic cells · Intestinal epithelial cells · Galectin-9 · Toll-like receptor 9
Abstract
Intestinal epithelial cells (IEC) drive regulatory T cell (T reg ) responses by promoting the differentiation of aldehyde dehydrogenase (ALDH)-expressing CD103 + dendritic cells (DC). Apical stimulation of TLR9 by CpG DNA on IEC supports galectin-9 expression by IEC, which is promoted by short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides (GF). While galectin-9 can induce the maturation of monocyte-derived DC (moDC), the contribution of galectin-9 on the induction of ALDH activity in DC is not known. To this end, DC were stimulated with galectin-9, and ALDH activity and the expression of CD103 were assessed. ALDH activity was increased by moDC exposed to galectin-9, while the expression of CD103 remained unaltered. Galectin-9 secreted by IEC apically exposed to CpG DNA and GF enhanced ALDH activity, but not CD103 expression by moDC, which was abrogated upon galectin-9 neutralization. Similar observations were found in murine GM-CSF-cultured bone marrow-derived DC (BMDC). Using Flt3L-cultured BMDC and ex vivo murine splenic DC, it was observed that galectin-9 only ALDH and most abundantly expressed genes associated with T reg induction in the gut mucosa [3, 4] . While CD103 + DC can efficiently drive effector T cell responses or T reg induction, CD103
-intestinal DC subsets have also been found to be critical in the induction of Th1 and Th17 type effector responses in the gut [4, 5] .
We previously identified galectin-9 as a potential mediator released by IEC to prevent acute allergic symptoms [6] . IEC apically stimulated with CpG DNA contribute to immunological tolerance, and it was previously observed that apical TLR9 ligation on IEC enhanced galectin-9 mRNA expression and secretion by IEC in vitro [7, 8] . The presence of a 9: 1 mixture of short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides (GF) further enhanced galectin-9 mRNA expression and protein secretion by HT-29 cells induced by CpG DNA in vitro [8] . These findings were substantiated in additional in vivo studies, showing that GF in combination with Bifidobacterium breve M-16V may induce T reg polarization in the gut-associated lymphoid tissue via IEC-derived galectin-9. In a murine model for food allergy, it was found that the ratio between Foxp3 and GATA-3 mRNA expression was increased in the mesenteric lymph nodes of whey-sensitized mice fed B. breve M-16V and GF. Furthermore, supplementation of galectin-9 to activated human peripheral blood mononuclear cells was found to enhance the frequency of T reg cells in vitro [6] . B. breve M-16V may signal via TLR9 expressed by IEC, as genomic DNA of B. breve M-16V increase IFN-γ secretion by peripheral blood mononuclear cells (PBMC) in an epithelium-dependent manner similar to a synthetic CpG DNA oligonucleotide [8] . Other studies have shown that activation of monocyte-derived DC with galectin-9 can result in the induction of both T reg and Th1 type effector responses [9] [10] [11] [12] [13] . However, it is not known whether IECderived galectin-9 can support the differentiation of CD103 + DC that exhibit high ALDH activity. In this study, we assessed whether IEC-derived galectin-9 plays a role in the induction of ALDH activity by DC. We showed that galectin-9 drove ALDH activity in IL-4/GM-CSF-generated human moDC and murine GM-CSF-generated bone marrow-derived DC (GM-BMDC). IEC exposed apically to GpG DNA and GF increased ALDH activity by moDC, and the neutralization of galectin-9 in IEC-conditioned medium abrogated this effect. Flt3L-generated BMDC (FL-BMDC) or ex vivo splenic cDC did not show ALDH activity upon stimulation with galectin-9. However, GM-CSF was crucial for the induction of ALDH activity by these DC as galectin-9 only increased ALDH activity in FL-BMDC or splenic cDC in the presence of GM-CSF. ALDH activity in DC induced by galectin-9 was found to be dependent on p38 and PI3K signaling. Our data provide evidence for a novel role of galectin-9 in the regulation of innate immunity via the induction of ALDH activity by DC.
Materials and Methods

Culture of IEC Lines
HT-29 and T84 cell cultures and transwell experiments were performed as previously described [14] . IEC were grown in 6-well transwell plates (Corning) and basolaterally exposed to recombinant human TNF-α and IFN-γ (both 10 ng/mL; Invitrogen) in RPMI1640 (Gibco) supplemented with 10% heat-inactivated FCS and penicillin (100 U/mL)/streptomycin (100 μg/mL). After overnight culture, the cytokines were washed away and IEC were apically exposed to 5 μ M TLR9 ligand (M362 CpG oligonucleotide type C; Invitrogen) in the presence or absence of 0.5% w/v of a 9: 1 mixture of short-chain galacto-oligosaccharides (Vivinal GOS, Borculo Domo) and long-chain fructo-oligosaccharides (Raftiline HP, Orafti) for 24 h. Basolateral conditioned medium was collected and stored at -20 ° C.
Culture of Human moDC
PBMC were isolated as previously described [14] . CD14 + cells were isolated from PBMC by negative selection using MACS (Miltenyi Biotec) according to the manufacturer's protocol. Purity was assessed by flow cytometry and was generally 90-95%. CD14 + cells were cultured for 7 days in RPMI1640 (Gibco) supplemented with 10% heat-inactivated FCS, penicillin (100 U/mL)/streptomycin (100 μg/mL), recombinant human IL-4 and GM-CSF (30 and 15 ng/mL, respectively; Prospec). Cultures were supplemented with recombinant galectin-9 (1 μg/mL; R&D Systems) or 50% IEC-conditioned medium, starting from the start of moDC cultures where indicated. Medium was replenished at days 2, 3, and 5 of culture.
Culture of Murine BMDC BMDC were generated from wild-type Balb/c or C57Bl/6 mice as previously described (GM-CSF was obtained from PeproTech, recombinant mouse Flt3L was a kind gift from Dr. Iglesia at the Dutch Cancer Institute and was made in-house) [15] . Some BMDC cultures were exposed to inhibitors for the mitogen-activated protein kinases (MAPK) p38 (SB203580, 10 μ M ), c-JUN N-terminal kinase (JNK; SP600125, 25 μ M ), extracellular signal-regulated kinase (ERK1/2; U0126, 10 μ M ), or phosphatidylinositol-3-kinase (PI3K; LY294002, 5 μ M ) 1 h prior to exposure to recombinant mouse galectin-9 for 24 h on day 7 of culture (1-5 μg/mL, R&D Systems). All inhibitors were purchased from Cell Signaling Technology.
Enrichment of Splenic cDC
Splenic cDC were enriched by staining splenocytes with CD11c-APC, followed by positive selection using APC-microbeads (Miltenyi Biotec). Enrichment was generally 40-50%. Enriched CD11c + cells were exposed to recombinant mouse galectin-9 (5 μg/mL) in the presence or absence of GM-CSF (10 ng/mL) for 24 h.
Flow Cytometry
To assess ALDH activity, DC were incubated with ALDEFLU-OR reagent for 40 min at 37 ° C (StemCell Technologies) according to the manufacturer's protocol. DC incubated with the ALDH inhibitor diethylaminobenzaldehyde (DEAB) served as negative controls. Subsequent antibody stains were performed in ALDE-FLUOR assay buffer. MoDC were stained using CD11b-PE/Cy7 (clone ICRF44), CD11c-PerCP/Cy5.5 (N418), CD11c-PerCP eFluor 710 (clone 3.9), CD14-PerCP/Cy5.5 (61D3), CD14-APC (clone 61D3), CD80-FITC (clone 2D10.4), CD86-PE/Cy7 (clone IT2.2), CD103-APC(B-Ly7), DC-SIGN-PE (clone eB-h209), HLA-DR-PE (clone LN3), TIM-3-APC (clone F38-2E2) (all eBioscience), and DC-SIGN-FITC(120507) (R&D Systems). Murine cells were stained with CD11b-PerCP/Cy5.5 or CD11b-AlexaFluor700 (clone M1/70), B220-BV421 (clone RA3-6B2), I-A/I-E-APCeFluor780 (clone M5/114.15.2), TIM-3-APC (clone8B.2C12) (eBioscience), CD8α-PE/Cy7 (clone53-6.7), CD11c-PE/Cy7 or CD11c-APC (clone HL3, BD Biosciences), I-A/I-E-AlexaFluor647 (clone M5/114.15.2), F4/80-APC/Cy7 (clone BM8) (BioLegend) and CD103-PE (clone 2E7, Miltenyi). Expression was compared with their respective isotype control (eBioscience). Cell viability was assessed using LIVE/DEAD TM fixable near-IR dead cell stain (Life Technologies) or fixable viability dye eFluor780 (eBioscience). Flow cytometric analysis was performed using a FACSCantoII or BD Fortessa (BD Biosciences), and FlowJo software.
Quantitative PCR qPCR analysis was performed as previously described [8] . Gene expression levels were normalized to rps13 . Primers were commercially purchased (Qiagen).
ELISA IL-10 (eBioscience), TGF-β, and TSLP (R&D Systems) concentrations in cell culture supernatants were determined by ELISA according to the manufacturer's protocol. Galectin-9 concentrations were determined as previously described [8] . Optical density was measured using the iMark microplate absorbance reader (BioRad).
Statistics
Data were analyzed using GraphPad Prism software with the unpaired Student t test or one-way ANOVA followed by the Bonferroni or Dunnett post hoc test as indicated in the figure legends. p < 0.05 was considered statistically significant.
Results
Galectin-9 Induces ALDH Activity in moDC
First, it was investigated whether galectin-9 induces CD103 + DC, which are known for their high ALDH activity. Therefore, human moDC were conditioned in vitro with recombinant galectin-9, and the expression of CD103 and ALDH activity was assessed. Galectin-9-conditioned moDC did not show an altered phenotype based on the expression of CD11c, CD11b, DC-SIGN, and HLA-DR (online suppl. Fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000479817), and showed a reduced expression of the costimulatory molecules CD80 and CD86 as shown previously (data not shown) [16] . Galectin-9 did not affect moDC viability (data not shown). MoDC stimulated with galectin-9 did not show increased CD103 expression and showed a slight downregulation of TIM-3 ( Fig. 1 a) . Although moDC exposed to galectin-9 showed enhanced ALDH activity, they did not express CD103 ( Fig. 1 b) .
IEC Apically Exposed to CpG DNA and GF Enhance ALDH Activity in moDC in a Galectin-9-Dependent
Manner IEC were shown to drive the differentiation of CD103 + DC in a TSLP-, TGF-β-, and retinoic acid-dependent manner [17] . Therefore, we first evaluated whether IEC express galectin-9, TSLP, and TGF-β upon apical exposure to CpG DNA in the absence or presence of GF. Only the combination of CpG DNA with GF resulted in significant mRNA expression of galectin-9 and TGF-β by TNF-α/IFN-γ-primed HT-29 cells. Although galectin-9 secretion by HT-29 cells was increased upon apical exposure to CpG DNA in the presence of GF, TGF-β release by HT-29 cells in the basolateral compartment was increased upon apical exposure to CpG DNA, but was not enhanced by GF ( Fig. 2 a) . Neither mRNA expression of TSLP and anti-inflammatory IL-10 by HT-29 cells nor the secretion of TSLP and IL-10 in basolateral IEC-conditioned media derived from TNF-α/IFN-γ-primed HT-29 cells apically exposed to CpG DNA and GF was detected (data not shown).
Next, it was investigated whether galectin-9 derived from IEC is involved in the induction of ALDH activity in DC in vitro. In these experiments, polarized T84 cell monolayers were used, since confluent T84 cell monolayers more closely resemble the physiology of the intestinal epithelium as T84 cells have high epithelial barrier integrity. In addition, unlike Caco-2 cells, T84 cell monolayers respond to CpG DNA comparable to unpolarized HT-29 monolayers [14] . T84 cells were basolaterally primed with TNF-α and IFN-γ, and subsequently exposed apically to CpG DNA and GF. MoDC were then generated in T84 cell-conditioned medium. Analysis of the moDC revealed that this medium did not induce the expression of CD103 by moDC ( Fig. 2 b) , but that ALDH activity in these moDC was increased ( Fig. 2 c) . Upon neutralization of galectin-9 in the conditioned medium using a TIM-3-Fc fusion protein, conditioned medium from T84 cells exposed to CpG DNA and GF did not increase ALDH activity in moDC ( Fig. 2 c) .
GM-CSF Is Crucial for ALDH Activity in BMDC and Is Potentiated by Galectin-9
Intestinal CD103 + DC do not develop from bloodderived monocytes but from DC-committed precursors in the bone marrow [5, 18] . Therefore, GM-BMDC and FL-BMDC were cultured and stimulated with recombinant galectin-9. DC were characterized as CD11c + F4/80 -cells, and the expression of CD11c, CD11b, I-A/I-E, and B220 was addressed. Stimulation of GM-BMDC with galectin-9 increased I-A/I-E expression. In FL-BMDC, the expression of CD11c, CD11b, and I-A/I-E were increased, while the expression of B220 was reduced (online suppl. Fig. 2 ). Both GM-BMDC and FL-BMDC showed expression of TIM-3 and, like in the moDC, galectin-9 downregulated the expression of TIM-3 ( Fig. 3 a,  b ).
Upon stimulation with galectin-9, GM-BMDC, but not FL-BMDC, showed ALDH activity, and this increased upon exposure to galectin-9. ALDEFLUOR-positive BMDC, however, did not express CD103 ( Fig. 4 a, b) . Since only GM-BMDC showed increased ALDH activity upon exposure to galectin-9, we hypothesized that GM-CSF is important for the induction of ALDH activity in DC. To this end, FL-BMDC were exposed to GM-CSF in the absence or presence of galectin-9 in parallel with cultures without GM-CSF, to allow a side-by-side comparison. Upon exposure to GM-CSF, FL-BMDC showed an increased expression of CD103 and started to exhibit ALDH activity. However, ALDH activity was observed mainly in CD103 -cells. Galectin-9 enhanced GM-CSFinduced ALDH activity ( Fig. 4 c) . Galectin-9 (Gal-9) induces ALDH activity in moDC. MoDC were exposed to recombinant Gal-9 and the moDC phenotype was evaluated. ALDH activity was assessed using the ALDEFLUOR assay. Gal-9 did not induce the expression of CD103 by moDC. MoDC expressed TIM-3, which was downregulated upon culture in the presence of Gal-9 ( a ). Gal-9-conditioned moDC showed increased ALDH activity. The percentage of ALDEFLUOR-positive moDC in DEAB controls was subtracted ( b ). Data represent 4 different donors, mean ± SEM. * p < 0.05, ** p < 0.01 (Student t test). Transparent, isotype control; light grey, medium control; dark grey, Gal-9 exposed moDC. ns, not significant.
Galectin-9 Enhances ALDH Activity in Splenic cDC in the Presence of GM-CSF
To evaluate whether galectin-9 could induce ALDH activity ex vivo in cDC as well, CD11c + cells were enriched from wild-type spleens and stimulated with galectin-9 for 24 h. Similar to FL-BMDC, splenic cDC did not show ALDH activity upon exposure to galectin-9 ( Fig. 5 a) .
In line with FL-BMDC, GM-CSF induced substantial ALDH activity in ex vivo splenic cDC as well, which could be further enhanced by galectin-9 ( Fig. 5 b) . Importantly, ALDEFLUOR-positive DC did not express CD103 ( Fig. 5 a, b) .
To further address which cDC subset exhibits ALDH activity, we evaluated ALDH activity in CD11b Galectin-9 (Gal-9) secreted by IEC upon apical exposure to CpG DNA and GF drives ALDH activity in moDC in vitro. IEC were primed with TNF-α and IFN-γ basolaterally prior to apical exposure to CpG DNA and GF. IEC showed increased Gal-9 and TGF-β mRNA expression and secretion upon apical stimulation with CpG DNA and/or GF ( a ). The basolateral culture medium was then used to condition moDC. The expression of CD103 on moDC generated in T9GF-conditioned medium was not observed when compared to control medium ( b ), but these DC showed increased ALDH activity ( c ). Neutralization of Gal-9 using TIM-3-Fc abrogated the induction of ALDH activity in the moDC ( c ). Data represent 3 different passages of IEC cultures. MoDC of 6 independent donors were generated in IEC-conditioned medium. Data are shown as mean ± SEM. * p < 0.05, * * p < 0.01 (one-way ANOVA and Bonferroni post-hoc test). T9GF, CpG DNA and GF exposure.
de Kivit et al. + splenic cDC. Exposure of splenic cDC cultures to galectin-9, GM-CSF, or a combination of both, did not affect the frequency of CD11b + CD8α -and CD11b low CD8α + cDC (online suppl. Fig. 3 ). Upon exposure of splenocyte cultures enriched for CD11c + cells to galectin-9 in the presence of GM-CSF, only the CD11b low
CD8α
+ cDC showed high ALDH activity ( Fig. 5 c) .
Induction of ALDH Activity in DC Depends on p38 and PI3K Signaling
To explore the mechanism by which galectin-9 induces ALDH activity in DC, we exposed GM-BMDC to selective inhibitors for the p38 (SB203580), JNK (SP600125), ERK1/2 (U0126), and PI3K (LY294002) signal transduction pathways 1 h prior to stimulation with recombinant galectin-9. Chemical inhibition of the p38 and PI3K signaling proteins, but not JNK or ERK1/2, prevented the induction of ALDH activity in BMDC by galectin-9 ( Fig. 6 ) .
Discussion
DC present in the intestinal mucosa play a crucial role in maintaining immunological homeostasis. Despite a high load of antigens present in the intestinal lumen, limited or no inflammatory response is elicited. It is wellestablished that intestinal CD103 + DC are important for the induction of tolerance through induction of T reg cells. In particular, these CD103 + DC show higher mRNA expression of Aldh1a2, an enzyme that converts retinal into retinoic acid, which is important for the induction of T reg in the gut [1, 19] . IEC are in close contact with intes- Murine GM-BMDC and FL-BMDC express TIM-3. Murine BMDC were generated by culturing bone marrow cells in the presence of GM-CSF or Flt3L for 7 days. GM-BMDC and FL-BMDC were subsequently activated with galectin-9 (Gal-9) for 24 h and the expression of TIM-3 was assessed. Both GM-BMDC ( a ) and FL-BMDC ( b ) showed expression of TIM-3, which was downregulated upon exposure to Gal-9 ( a ). Data represent 3 independent BMDC cultures. Data are shown as mean ± SEM. * * * p < 0.001 (Student t test).
tinal DC and promote the differentiation of CD103 + DC [2, 17, 20] . In IBD, IEC do not promote the differentiation of tolerogenic DC, and, consequently, a reduction in ALDH-positive DC is observed in the lamina propria [21] . It has been demonstrated that the gut microbiota may play an important role in the recruitment of CD103 + DC towards the intestinal epithelium via TLR-dependent mechanisms [22] but, to our knowledge, it is not known whether epithelial TLR activation also regulates the differentiation of CD103 + DC. Hence, IEC actively contribute to maintaining intestinal tolerance, and in this study, we show a novel mechanism by which galectin-9 derived from IEC supports the induction of ALDH activity in DC. Galectin-9 is an epithelium-derived mediator involved in supporting Th1 and T reg responses [6, 8] . There is controversy amongst studies describing the role of galectin-9 in innate and adaptive immunity. The most accepted role of galectin-9 is the induction of apoptosis of Th1 cells through interaction with TIM-3 [23] . In contrast, galectin-9 has been associated with the induction of Th1 and GM-CSF is important for the induction of ALDH activity in BMDC, which is potentiated by galectin-9 (Gal-9), GM-BMDC or FL-BMDC were incubated with Gal-9 for 24 h. ALDH activity was assessed by the ALDEFLUOR assay. Gal-9 induced ALDH activity in GM-BMDC ( a ) but not in FL-BMDC ( b ). However, GM-CSF induced ALDH activity in FL-BMDC, which was enhanced by Gal-9 ( c ). Though GM-CSF increased the expression of CD103 on FL-BMDC, ALDEFLUOR-positive DC did not express CD103 ( c ). Data represent 3 animals in 3 independent cultures, mean ± SEM. * p < 0.05, * * p < 0.01, * * * p < 0. T reg responses as well, and it may exert effects independently of TIM-3 [10, 11, 13, 24, 25] . Both GM-BMDC and FL-BMDC showed high TIM-3 expression. Incubation with galectin-9 decreased the expression of TIM-3. This downmodulation of the TIM-3 receptor upon ligation of galectin-9 has been observed on NK cells as well [26] . In this study, we also showed that galectin-9 induces ALDH activity in moDC in vitro . However, further research is necessary to evaluate whether the induction of ALDH activity in DC via galectin-9 is TIM3-dependent. However, no expression of CD103 by ALDH-positive DC was observed. Recently, it was shown that CD103 -DC with ALDH activity can also migrate towards the MLN and contribute to T reg , Th1, and Th17 polarization [27, 28] . In addition, previous reports indicate the importance of retinoic acid and ALDH activity in DC in T reg differentiation and the induction of gut homing factors on T cells [29] . Galectin-9 can induce both Th1 and T reg polarization in vitro [8, 12] , and it remains to be evaluated whether DC stimulated by galectin-9 can induce the expression of guthoming factors on T cells as well.
IEC provide a barrier between the intestinal lumen and the lamina propria. They also produce retinoic acid, TSLP, and TGF-β to promote the differentiation of tolerogenic DC and T reg differentiation [2, 16] . IEC are constantly in contact with the microbiota, and microbi- ota-derived signals regulate mucosal immune responses in the intestine [30] . Under inflammatory conditions, IEC have been shown to increase their surface expression of Toll-like receptors (TLR), including TLR9 [14, [31] [32] [33] . In particular, apical TLR9 activation on IEC is important to maintain intestinal homeostasis, and CpGrich DNA from commensal bacteria can induce tolerance in the intestinal mucosa via the activation of TLR9 [7, 34] . Though exposure of Caco-2 cells to gut-derived commensals induced TSLP secretion [35] , we did not observe TSLP expression or secretion by HT-29 or T84 cells upon apical exposure to CpG DNA. However, TGF-β as well as galectin-9 expression by IEC was increased upon apical exposure to CpG DNA and GF. Induction of ALDH enzymes by DC was previously shown to require retinoic acid [36] whereas DC primed by ret- . Galectin-9 (Gal-9) induces ALDH activity in BMDC in a p38-and PI3K-dependent manner. GM-BMDC were incubated with selective inhibitors for p38 (SB203580), JNK (SP600125), ERK1/2 (U0126), or PI3K (LY294002) 1 h prior to stimulation with Gal-9 for 24 h. Gal-9 induced ALDH activity in GM-BMDC, but selective inhibition of p38 or PI3K prevented the induction of ALDH activity by Gal-9 ( a , b ). Further analysis shows that ALDE-FLUOR-positive DC did not express CD103 ( a ). Data represent 3 independent BMDC cultures, mean ± SEM. ### p < 0.001 compared to medium control (Student t test); * * p < 0.01, * * * p < 0.001 (oneway ANOVA and Dunnett post hoc test with Gal-9 + DMSO serving as the control group).
de Kivit et al. inoic acid induce Foxp3 + T reg cells in the presence of bystander TGF-β [37] . Since TGF-β is, amongst others, produced by IEC that are in close proximity to mucosal CD103 + DC, IEC are important regulators of DC function. We observed that the neutralization of galectin-9 in IEC-conditioned medium completely blocked ALDH activity in DC. Our data therefore suggest that the apical ligation of TLR9 in the presence of GF induces the expression of galectin-9, which interacts with DC to promote ALDH activity, at least in in vitro cultures. In addition, TLR9 activation both in the absence or presence of GF enhances mRNA expression and secretion of TGF-β, which may support an anti-inflammatory microenvironment important for maintaining intestinal homeostasis. Further investigation in vivo is needed to unravel a potential role for epithelial TLR9 expression and galectin-9 in increasing ALDH activity by DC in the gut mucosa.
Since moDC showed high ALDH activity upon culture in IEC-conditioned medium, we questioned whether this observation was due to the fact that mucosal DC in the intestine are derived from specific DC precursors present in the bone marrow instead of infiltrating monocytes. In mice, CD11b + CD103 + lamina propria DC originate from pre-DC precursors, while the CD11b + CD103 -cell population in the gut mucosa is composed of a mixed population of monocyte-derived macrophages and DC derived from Flt3L-dependent DC-committed precursors [5, 18] . We therefore also assessed the effects of galectin-9 on ALDH activity and the expression of CD103 in BMDC cultures. GM-BMDC showed ALDH activity, but FL-BMDC showed ALDH activity only upon exposure to GM-CSF. Similarly, splenic cDC, in particular CD11b low CD8α + (but not CD11b + CD8α -) cDC, exhibited high ALDH activity upon exposure to GM-CSF and galectin-9. As it was previously shown that CD8α + splenic DC show higher expression of TIM-3 than CD8α -DC, this may explain our observation of CD11 low CD8α + DC, in particular, responding to galectin-9 [38] . Although GM-CSF was previously shown to be important to induce ALDH activity in DC and drive T reg polarization and expression of gut-homing factors on T cells via DC [39] , we showed that galectin-9 further increases ALDH activity in DC. IEC are a major source of GM-CSF, and GM-CSF production by nonhematopoietic cells in the gut is important for the maintenance of intestinal homeostasis [40, 41] . Moreover, stromal cells in the intestinal lamina propria have been shown to produce GM-CSF, which is required for ALDH expression in mucosal DC [42] . Although we and others have observed that GM-CSF results in the increased expression of CD103 by DC generated from bone marrow DC precursors [43] , we found that the DC that exhibit ALDH activity upon stimulation with galectin-9 and GM-CSF were CD103 -cDC.
Not much is known about the role of galectin-9 on DC function. Though galectin-9 can induce the maturation of monocyte-derived DC via p38 and ERK1/2 phosphorylation [12] , we observed that both p38 and PI3K (but not JNK or ERK) signaling are important in driving ALDH activity in GM-BMDC. In particular, p38 signaling in mucosal CD103 + DC was found to be crucial for the induction of Foxp3 + T reg cells, as it is essential for optimal ALDH expression [44] . GM-CSF was found to be crucial for the induction of ALDH activity in FL-BMDC and splenic cDC. GM-CSF-mediated PI3K signaling is important for DC function (review [45] ). Furthermore, the activation of the PI3K/Akt/β-catenin pathway in DC induces the expression of regulatory molecules, including IL-10 and Aldh1a2, to drive T reg polarization, whereas the deletion of β-catenin programs DC to induce Th1/Th17 cell differentiation [46] . Moreover, in mammary epithelial cells, ALDH activity has been found to be regulated in a PI3K/Akt-dependent fashion [47] . To our knowledge, this is the first study showing a potential link between p38 and PI3K signaling induced by galectin-9, resulting in increased ALDH activity in DC.
In summary, IEC showed increased galectin-9 expression upon apical exposure to CpG DNA and GF in vitro, and promoted ALDH activity in moDC in a galectin-9 dependent manner. Galectin-9 promotes ALDH activity in human moDC and murine GM-BMDC. In murine FL-BMDC and splenic CD11b low CD8α + cDC, galectin-9 enhanced ALDH activity only in the presence of GM-CSF. ALDH activity in GM-BMDC induced by galectin-9 was found to be dependent on p38 and PI3K signaling in DC. These data provide greater insight into the molecular mechanisms by which IEC-derived galectin-9 may regulate innate immunity via the induction of ALDH activity in DC.
